Abstract
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Introduction
48
Upper Airway Muscles (UAMs) such as Genioglossus (GG), the major extrinsic muscle 
78
During a muscle contraction a muscle's active motor neurons tend to vary their firing frequency 79 in unison. This activity pattern is thought to reflect a common, central, pre-motor input to the 80 motor neuron pool, referred to as common drive. The process is thought to simplify motor 81 control and increase efficiency as the level of activity in the motor neuron pool is controlled by a 82 single mechanism, rather than each motor neuron being individually controlled (De Luca, 1985) .
83
The strength of common drive in skeletal muscles has been shown to vary between Thus, common drive may provide an additional mechanism by which a muscle may 92 respond to increased drive. However, as far as we are aware only two studies have investigated consistent with the earlier study, observed significant common drive to motor units within each 100 muscle, but also between motor units from each of the two muscles, reflecting synergistic co-101 activation. Common drive was also higher in pairs of respiratory modulated motor units, rather 102 than units without respiratory modulation (tonic units). It seems reasonable to assume that the 103 strong common drive to inspiratory modulated motor units reflects pre-motor input from the 104 RPG, particularly as inspiratory modulated motor units from different muscles shared common 105 drive.
106
We are not aware of any study that has evaluated the effect of the level of respiratory 107 drive to an upper airway muscle on the strength of its common drive and thus to evaluate 108 whether common drive is a mechanism used by UAMs to increase their effectiveness. In the 109 current study we manipulated respiratory drive to the GG muscle by applying inspiratory loads.
110
We hypothesized common drive, as assessed by low-frequency coherence between pairs of 111 motor units, would increase as a function of the demands placed on the muscle, such that 112 increasing respiratory drive would increase common drive to the GG muscle. Further, as 113 inspiratory modulated motor units are more sensitive to variations in respiratory drive, and show 114 stronger common drive, we hypothesized that common drive to inspiratory modulated motor 115 units would increase more than to expiratory modulated or Tonic motor units. 
Methods
118
Subjects
119
The subjects were 20 males with a mean age of 32 years (±12 years), a mean height of 120 179 cm (± 6 cm), and a mean weight of 79 kg (± 12 kg). Data was collected from 17 subjects on 121 one occasion, two subjects on two occasions and one subject on three occasions, for a total of 24 122 recording sessions. The original study protocol included hypercapnic and inspiratory loading 123 trials, the former data having been previously published (Nicholas et al., 2010) . As elevated CO 2 124 may affect the fetus of a pregnant woman and pregnancy testing was not available within the
125
University of Melbourne laboratory, women were excluded from the study. All subjects were 126 healthy and were without sleep or respiratory complaints as determined by a questionnaire. The Subjects Ethics Committee. Informed consent was obtained from each subject.
129
General Laboratory Procedures
130
Experimental sessions were conducted during the late morning or early afternoon.
131
Subjects were requested to refrain from alcohol during the day before the experimental session 132 and from food and caffeine for 4 hours before the session. On arriving at the laboratory a local 133 anesthetic cream was applied under the subject's chin (Lidocaine-Prilocaine, Fogera, Melville, 134 NY) in preparation for the insertion of the four EMG recording electrodes. Instrumentation of the 135 subject commenced 30 minutes later. During data collection subjects remained quietly awake in 136 the supine position on a bed in a recording room. The supine position was used as it is an easy 137 position for subjects to sustain and standardize without moving and because it maximizes GG 138 activity (Malhotra et al., 2004) . Subjects were instructed to remain still and relaxed, to relax 139 7 facial muscles as much as possible, to try and avoid swallowing, and to remain awake. Subjects 140 breathed via the respiratory circuit for 5 minutes before data for analysis was collected so as to 141 become accustomed to the conditions. All recordings were stored for subsequent off-line 142 analysis.
143
During the first half of the session a series of six, three minute hypercapnic trials were 144 presented, with an interval of approximately two minutes between trials, while in the second half the GG EMGs the filters were set at 0.03 -3 kHz and the signal digitized and recorded at 10 186 kHz.
Measurements and Recordings
187
Data Reduction
188
Four groups of measurements were collected: respiration; GG EMG activity; the discharge rates 189 of single motor units; and the coherence between pairs of motor units where the two units had 190 the same discharge pattern (see below for a description of GG motor units' discharge patterns).
191
Respiratory variables -Respiratory variables were measured on a breath-by-breath basis using 
216
The data required to test the hypotheses were pairs of motor units where the two motor 217 units had the same discharge pattern (e.g. both Inspiratory Tonic) and which were active over the 
272
Coherence Analysis -Common drive for pairs of motor units were analyzed using a previously To investigate coherence in higher frequencies coherence profiles over the frequency 302 range 0 to 30 Hz were constructed using coherence coefficient values and the probability of 303 coherence values being greater than zero. The latter two analyses allowed coherence to be 304 assessed at frequency ranges other than the range reflecting common drive (0 -5 Hz).
305
Statistical Analyses
306
Pairs of units were not identified at all load levels for any subject, and a number of 307 subjects had pairs at only one load level. An analysis of the available load level data showed a 308 slight tendency for common drive to be larger during the higher loads, however the effect was Spike density values were analyzed to determine the effect of the inspiratory loads on 320 total inspiratory and expiratory GG activity. Only electrodes that yielded motor units were 
338
For the analysis of common drive only three subjects had both inspiratory and 339 expiratory/tonic pairs. Thus, for the three methods of evaluating common drive; the maximum 340 coherence coefficient, the z score and the probability of significant coherence values in bins, 341 values were averaged over pairs within discharge pattern categories for each load phase. The 342 data were analyzed in a four load phases (pre, first half, second half, post) by two discharge 343 pattern categories (inspiratory, expiratory/tonic) ANOVA with discharge patterns treated as 344 independent groups. Additional analyses were conducted on the three subjects that had pairs with 345 each discharge pattern to assess whether the results of the main analysis were an artefact of the 346 way the data was grouped in the analysis based on pairs.
347
The average frequency of the maximum coherence coefficients was calculated for each 348 phase of load and discharge pattern and statically averaged as for the measures of common drive.
349
Maximum coherence coefficients and probability values were plotted over the 0 to 30 Hz 350 range for each phase of load and discharge pattern category. 
Results
353
The 20 subjects were presented a total of 160 inspiratory loading trials. Thus, potentially 354 as many as 640 electrode recordings were available, although ~25% of these were lost due to pre-load and 16 post-load. In summary, 11 of the 12 subjects with motor unit pairs provided 370 respiratory data, one subject being discarded from this analysis due to unusually long cycle 371 duration, while all twelve subjects provided EMG spike density values. For the analyses of motor 372 unit discharge rates and common drive values, all 12 subjects provided motor units and motor 373 unit pairs. However, only eight subjects provided inspiratory motor units or motor unit pairs, 374 only seven provided expiratory/tonic motor units or motor unit pairs, and only three provided 375 both inspiratory and expiratory/tonic motor units or motor unit pairs.
376
As indicated in Table 1 , analyses of respiratory activity confirmed that the inspiratory 377 loads had the expected effect on respiratory activity, with a reduction in respiratory output (a 378 significant increase in cycle duration and significant falls in minute ventilation and peak Post-hoc tests indicated a significant quadratic function over load phase for inspiratory spike 389 density (p<.05).
18
The discharge characteristics of motor units that were included in the coherence analysis 391 are shown in Table 2 . As can be seen mean and peak discharge rates increased slightly, and 392 significantly, during the load. In addition, the quadratic component over load phase was 393 significant for these two measures, indicating that the increase in discharge rate was specifically 394 associated with the load.
395
The onset of the inspiratory load increased all three measures of common drive in Table 3 and the data for z scores and the probability of significance are illustrated in Figure 5 ). and z score and the second half of the load and post load for the probability data (see Table 3 and between the phase of the load and the discharge pattern. These data suggest the results of the 414 main analysis were not an artefact of the way the pairs were grouped.
415
The frequency at which the maximum coherence coefficient occurred was tightly Nevertheless, in addition to the increase in common drive to inspiratory modulated motor 448 neurons, inspiratory EMG activity (spike density) increased, as did the mean and peak, but not The increase in the strength of common drive to inspiratory motor neurons persisted 461 during the 30 seconds post load period. As noted above, the persistence of these changes in 462 common drive were not due to direct effects of GG muscle activity, as respiratory activity, EMG 463 spike density and the discharge rates of single motor units, returned to pre-load levels as soon as Coherence between motor units at higher frequencies is considered to reflect processes 
496
The increase in GG activity in response to increasing respiratory drive has previously 497 been shown to be due to the recruitment of inspiratory modulated motoneurons with a smaller 498 contribution from increases in motoneuron discharge rates (Trinder et al., 2014) . The present 499 study has identified a third mechanism contributing to the transmission of respiratory drive to the 500 hypoglossal motoneurons, an increase in common drive to inspiratory modulated motor units.
501
The independence of this mechanism is demonstrated by a post-stimulus activation effect, such 502 that the changes in common drive continued during the post load period when overall GG 503 activity had returned to baseline levels. Standard deviations in brackets. Ttot = cycle duration; Vt = tidal volume; Vi = minute 678 ventilation; PetCO 2 = end tidal CO 2 ; PIF = peak inspiratory flow; epiglottal negative pressure. 
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